Objectives-The relation between lifetime cumulative exposure to asbestos, pathological grade of pulmonary fibrosis, and lung burden of asbestos at death, was explored in a necropsy population of former workers in a chrysotile asbestos textile plant in South Carolina. Methods-Estimates of cumulative, mean, and peak exposures to asbestos were available for 54 workers. Necropsy records and lung tissue samples were obtained from hospital files. Matched control cases were selected from consecutive necropsies performed at the same hospitals. The extent and severity of pulmonary fibrosis was graded on tissue sections. Mineral fibres in lung tissue were characterised by transmission electron microscopy combined with x ray spectroscopy.
Abstract
Objectives-The relation between lifetime cumulative exposure to asbestos, pathological grade of pulmonary fibrosis, and lung burden of asbestos at death, was explored in a necropsy population of former workers in a chrysotile asbestos textile plant in South Carolina. Methods-Estimates of cumulative, mean, and peak exposures to asbestos were available for 54 workers. Necropsy records and lung tissue samples were obtained from hospital files. Matched control cases were selected from consecutive necropsies performed at the same hospitals. The extent and severity of pulmonary fibrosis was graded on tissue sections. Mineral fibres in lung tissue were characterised by transmission electron microscopy combined with x ray spectroscopy.
Results-A significant positive correlation (r = 0.67, P< 0.0001) was found between lifetime cumulative exposure to asbestos and total lung burden of asbestos fibres. This relation was also found for the individual types of asbestos associated with the exposure: chrysotile and tremolite. Pulmonary fibrosis was correlated with both cumulative exposure to asbestos (r = 0.60, P< 0.01) and the concentration of asbestos fibres in the lung (r = 0.62, P< 0.0001). The concentration of tremolite fibres in the lung provided a better estimate of lung fibrosis than did the concentration of chrysotile. Asbestosis was usually present in asbestos textile workers with more than 20 fibre-years cumulative exposure. The lengths and aspect ratios of chrysotile asbestos, but not amphibole asbestos, were greater in the lungs of asbestos fibre workers than in the control population. Textile workers with lung cancer had significantly greater cumulative exposures and fibrosis scores than workers without lung cancer. Conclusions-Both cumulative exposure to asbestos and lung fibre burden are strongly correlated with severity of asbestosis. The data also support the hypothesis that the high prevalence of asbestosis and lung cancer in this population resulted from exposure to long fibres of chrysotile asbestos in the workplace.
(Occup Environ Med 1997;54:549-559) Keywords: asbestos; chrysotile; tremolite; lung fibre burden Asbestos exposure has been repeatedly shown to be associated with increased mortality from non-malignant respiratory diseases, lung cancer, pleural and peritoneal mesotheliomas, and in some studies, cancers of the gastrointestinal tract and larynx.' 2 Mortalities and severity of the disease associated with asbestos seem to vary considerably depending on the type of asbestos and the industrial setting or process where exposure occurs.3 The purpose of this study was to evaluate relations between pulmonary fibrosis (asbestosis) and estimates of cumulative exposure and lung burden of asbestos fibres in workers occupationally exposed to asbestos. Also, we attempted to measure the minimal levels of asbestos exposure necessary to invoke a pulmonary lesion compatible with asbestosis.
Although pulmonary fibrosis (asbestosis) was the primary focus of this study, we also documented the prevalence of pleural plaques and lung cancer in the exposed population and in a control population taken from the same geographical location. The study population was derived from a cohort of asbestos textile workers that have been previously studied epidemiologically.4 This population is interesting in two respects: firstly, the workers had been exposed almost exclusively to chrysotile asbestos; and secondly, the prevalence of disease associated with asbestos has been shown to be considerably increased with steep dose-response relations for risk of death from lung cancer and asbestosis.' 6 
Materials and methods WORKPLACE AND ESTIMATIONS OF EXPOSURE
The plant under study is located in Charleston, South Carolina and began production of asbestos packing materials for steam engines and pumps in 1896. Asbestos textiles were first produced in 1909, and this remained the predominant product from the plant. Chrysotile was the only type of asbestos processed as a raw material. The raw asbestos was predominantly derived from Quebec, but chrysotile from British Columbia and Zimbabwe was also processed. A small amount of crocidolite yarn was woven into a tape or made into a braided packing beginning in the 1950s and ending in about 1975. Crocidolite was never carded, spun, or twisted and the total quantity of crocidolite processed was extremely small (<1000 kg). As tapes were woven with a wet process, The number of sections per subject varied. The mean (SD) number of slides for the asbestos workers and controls was 5.9 (3.8) and 1.5 (0.7), respectively. The site of origin of the tissue section could not be ascertained for most cases. Likewise, the quality of the tissue sections varied considerably. A few of the lungs had been inflated with fixative; however, most had not been fixed in inflation and, thus, showed postmortem collapse. Sections stained with haematoxylin and eosin were available for all cases and controls. The following special stains were used on tissues from all subjects for which paraffin blocks or tissues were available: elastic trichrome, Perl's iron stain, and a polychrome stain developed to differentiate precollagen from collagen.' The polychrome stain was useful in some cases for distinguishing terminal fibrotic processes such as organising pneumonia and adult respiratory distress syndrome from mature fibrosis associated with asbestos exposure.
Fibrosis score Only slides with recognisable lung parenchyma were graded; slides consisting predominantly of tumour, bronchus, lymph nodes, abscess, or infarct were excluded. Fibrosis was graded according to criteria established by a joint National Institute for Occupational Safety and Health (NIOSH) and College of American Pathologists (CAP) Committee."' Briefly, each slide was graded for both severity (0-4) and extent (0-3), and the scores for each were multiplied to give a fibrosis score (0-12) for that slide. The scores for all the slides from that particular case were averaged to give an overall fibrosis score for the subject.
Severity was graded into five categories. The most severe lesion determined the grade for each slide. Grade 0 was assigned when there was no fibrosis associated with bronchioles; grade 1 was used to describe fibrosis confined to the wall of one or more respiratory bronchioles; grade 2 was given to fibrosis of bronchiolar walls with involvement of alveolar ducts or two or more layers of alveoli; grade 3 included fibrosis as in category 2 but with coalescence of fibrotic change between two adjacent acini; and grade 4 was assigned to slides showing changes of category 3 plus architectural restructuring with cyst formation (honeycombing).
Extent was used as an index of the proportion of respiratory bronchioles involved. Grade 0 represented absence of disease; grade 1 was used when only occasional bronchioles were involved; grade 2 indicated that more than occasional, but less than half of all bronchioles were involved, and grade 3 was used when more than half of all bronchioles were affected by fibrosis. To ensure objectivity in grading, the slides from asbestos workers and controls were randomly mixed before grading. Thus, the observer was not made aware of whether the slide was from an asbestos worker or control at the time of grading. Each slide from both the exposed and control populations was initially graded by three pathologists independently. Grading was then reviewed and major disagreement (defined as a difference in two or more categories for either severity or extent between any two pathologists) was resolved by simultaneous review and discussion. The decision process was aided by use of the special stains. Initial scores were statistically analysed to measure variability between and within pathologists. The consensus grades were used for subsequent statistical analyses. 26 of the samples from the asbestos workers were also wet tissues and the remaining 13 samples were embedded in paraffin blocks.
Grading of asbestos bodies
Mineral fibres were extracted from the lung samples with characterised standard procedures.' All specimens were dried to constant weight at 80'C (specimens received in blocks were first trimmed and deparaffinised in xylene). About 50-100 mg of dried tissue per sample was digested in 10 ml' 5N hot sodium hydroxide, washed, and the residue was then ashed in an oxygen atmosphere. The final extract was suspended in 10 ml distilled water adjusted to pH 1.0 with HCI, sonicated, and aliquots immediately filtered on 25 mm 0.2 gm pore size Nuclepore filters. All glassware was thoroughly cleaned and reagents prefiltered to reduce ambient asbestos contamination to a minimum. The filters with adherent dust were carbon coated, treated with chloroform, and carbon extraction replicas of the filter surfaces were prepared on gold electron microscope support grids. All fibrous particles with an aspect ratio greater than 3:1 were counted in randomly selected grid squares at a magnification of 20 000. Only filters showing optimal particle density were evaluated. A minimum of 100 (range 100-800) fibres were analysed by energy dispersive x ray analysis and their chemical composition was used to identify the fibres.'2 Particle dimensions were measured directly from the viewing screen. Selected area electron diffraction (SAED) was not routinely used for identification, but was used for confirmation of identity of some fibres. The number of mineral fibres x 106/g dry lung was calculated from an algorithm with grid square density, dilution factor, and original dry weight of lung.
An analysis of counting errors, biases due to variations in fibre length and concentration, and the repeatability of the method have been published elsewhere.'2 The reproducibility of the method could not be directly ascertained because of the heterogeneous nature of the distribution of dust in tissue specimens. With known quantities of asbestos dust in a simulated extraction and preparation procedure SDs varied from 20% to 40% of the mean values counted. For seven former asbestos workers, two samples from different, but unspecified, sites were analysed. Moderate variability in fibre counts was noted between sites, but the proportions by fibre type remained relatively constant. Similar variations in fibre concentration between sites in the same lung have been recorded by others."3 14 For subsequent analyses, the mean value for the two samples was used.
To investigate any potential bias introduced by including lung fibre data derived from paraffin embedded blocks, both blocks and wet tissues were analysed from a series of cases. The variability in fibre count was similar to that found between analyses of wet tissues from different sites. Also, we compared the fibre lengths of chrysotile and tremolite with paraffin blocks of tissue extracted from the 13 cases and compared them with the data from the 26 cases with formalin fixed tissues. Mean lengths for both chrysotile and tremolite were shorter in the paraffin block group but these differences were not significant.
STATISTICAL ANALYSES
All data analyses and graphs were calculated with the S-plus data analysis system.'5 Fibre concentrations and exposure variables were log normally distributed. Accordingly, geometric means are presented for these variables but medians are presented for other variables. The primary response variables were fibrosis, concentration of fibres in the lung, and exposure. Table 1 shows the population characteristics for the control population and asbestos workers. No significant differences in mean age or year of death were noted between the asbestos worker and control populations. Men predominated in both groups. There were no significant differences for any of the population statistics between men and women. Accordingly, to achieve greater statistical power, men and women were combined for most analyses.
Smoking histories were available for nine of 55 asbestos workers and two of 34 controls. In view of the fact that many subjects in the study group died several decades ago, we did not attempt to obtain the missing information, and smoking status was not used in any of the analyses. Table 2 presents exposure variables for the asbestos textile workers categorised by years of employment. Median (range) latency was 30.0 (17-44) years. Although workers with the longest employment tended to have longer latency intervals, there were also many workers with brief employment and long latencies. The median (range) cumulative exposure for all asbestos workers was 30.2 (0.1-370.0) fibreyears. Cumulative exposure was positively correlated with years employed and also with peak exposure. Male workers had larger cumulative exposures than female workers-34.6 and 25.6 median fibre-years respectively. Values for the other exposure variables, peak exposure, mean exposure, and latency were similar for male and female workers. Table 3 shows the type and number of mineral fibres in the lungs of 39 asbestos workers and 31 control cases. The values for the controls were similar to those found in other control populations analysed in this laboratory.'9 Preliminary analyses showed no significant differences in the ratio of lung fibre concentration to lifetime cumulative exposure for men and women in the study population; consequently, data from both sexes were combined for subsequent analyses.
Chrysotile asbestos was the predominant mineral fibre in the lungs of both asbestos textile workers and controls, whereas substantial values for tremolite were only found in the lungs of the asbestos textile workers. The numbers of chrysotile and tremolite fibres were much greater in the asbestos workers than in the controls (P<0.0001). The geometric mean values for crocidolite and amosite fibres were also increased in the asbestos workers compared with the controls (P<0.05). Twenty eight per cent ofthe asbestos workers and 13% ofthe controls had values of crocidolite or amosite in their lungs exceeding 1 x 1 O6 fibres/g dry lung.
The predominant non-asbestos fibrous minerals were mullite, rutile, and iron. Concentrations of mullite were significantly greater in the controls than in the lungs of the asbestos workers (P< 0.05). Table 4 shows the dimensions of the asbestos fibres extracted from the lungs of the controls and the asbestos workers. In general, the lengths and aspect ratios of the amphibole asbestos fibres were similar in the two groups. By contrast, the chrysotile fibres in the lungs were considerably different between the two groups. Median length and aspect ratio for 3554 chrysotile fibres in the lungs of textile workers were 1.5 gm and 23.1 jm respectively, compared with 0.5 jm and 7.7 jim for 618 fibres analysed in the lungs of the controls.
CUMULATIVE LIFETIME EXPOSURE AND LUNG BURDEN OF ASBESTOS FIBRES
Age, latency, and years since last exposure were all considered in a regression model, but only lifetime cumulative exposure was predictive of total asbestos in the lung. Figure 1 shows graphically the relation between cumulative lifetime exposure to asbestos and total lung asbestos fibres in the men and women textile workers. A highly significant correlation was found (r = 0.67, P< 0.0001). The regression equation for this relation was: log asbestos fibres (fibres x 106/g) = 2.43 + 0.405 log (lifetime cumulative exposure (fibreyears))
Total lung tremolite and chrysotile fibres were also highly correlated with cumulative exposure (r =0.48, P<0.01 and r = 0.55, P< 0.01, respectively). No relation was found between non-asbestos fibres and lifetime cumulative exposure. The mean number of asbestos bodies on tissue sections was strongly associated with lifetime cumulative exposure (P< 0.01), total amphibole (P< 0.01), and total chrysotile fibres (P< 0.05) in the lung. fibrosis score = -5.0 + 0.96 log (lifetime cumulative exposure)+0. 13 (age at death)
The effect was found for both men and women asbestos workers and the magnitude of the effect was independent of the sex of the worker (P= 0.17). No independent effect of peak exposure, mean exposure, time since last exposure, or latency on lung fibrosis was found. When the asbestos workers were stratified by levels (quartiles) of exposure, median fibrosis scores were greater in the asbestos workers than in the control population for all levels of exposure (table 5) . This was significant (P< 0.00 1) for all exposure quartiles except quartile 1. Figure 3 shows the relations between lung burden of mineral fibres and lung fibrosis score. The regression equation for the relation between total asbestos fibre burden and fibrosis score for the asbestos workers (men+women) The model based on both chrysotile and tremolite was no better than the model based on tremolite alone (P= 0.36), but was better than the model based on chrysotile alone (P< 0.01). Accordingly, it was judged that tremolite concentration provided a better prediction of fibrosis score than did the concentration of chrysotile. The effect of age was additive with no evidence for an interaction. No effect of sex was detected. No relation was found between fibrosis score and non-asbestos fibres ( fig 3D) . There was a non-significant trend toward greater fibrosis scores with increasing asbestos fibre burdens in the control population. The mean number of asbestos bodies on tissue sections was also strongly associated with grade of lung fibrosis (P< 0.001).
LUNG BURDEN OF ASBESTOS FIBRES AND LUNG FIBROSIS

LUNG CANCER AND PLEURAL PLAQUES
The proportion of cases with lung cancer and pleural plaques was greater in the asbestos textile workers than in controls, as determined from the necropsy protocols. Lung cancer was recorded in 18.2% of the asbestos workers compared with 5.8% in the controls. Pleural plaques were reported for 31 % of asbestos workers and 3% of controls.
The 10 asbestos workers with lung cancer had significantly greater cumulative exposures, higher mean fibrosis scores, and more asbestos fibres in their lungs than workers without lung cancer (table 6 ). Nine of the 10 had a diagnosis of asbestosis made on the original necropsy report compared with 14 of the 45 cases without lung cancer.
Discussion
This study provides further evidence in human subjects that the number of fibres retained in the lung reflects the cumulative exposure to asbestos in the workplace.20 21 The relation between lifetime cumulative exposure and lung fibre burden was found for total asbestos fibres, as well as for the individual components of exposure, chrysotile and tremolite. It was not found for other types of asbestos; nor was it found for non-asbestos fibres, indicating that both type and number of fibres in the lung are important in this relation. The study also showed a significant relation between grade of pulmonary fibrosis (asbestosis) and cumulative lifetime exposure to asbestos. Neither the peak exposure nor average exposure had any significant influence on the fibrosis score either independently or as well as the cumulative effect. Finally, the study showed that lung fibrosis increases with increasing burden of asbestos fibres in the lung. This relation was strongest for tremolite but was also found for total lung asbestos fibres and for chrysotile asbestos. No relation between non-asbestos fibres in the lung and lung fibrosis was found, even though the concentration in the lung of the major nonasbestos mineral mullite was equivalent to that of tremolite (table 3) . Figure 4 shows the relation between the three primary variables; lifetime cumulative exposure, lung asbestos fibre burden, and lung fibrosis. Although there is a clear relation between all three variables, the shape of the three dimensional plot indicates non-linearity and a possible threshold effect. Reanalysis with models with a quadratic term gave similar results to the multiple linear regression analyses but did not contribute additional information.
The findings were made despite several limitations inherent in the study design. Firstly, the study population was derived from necropsied hospital based patients, many of whom were admitted with diseases unrelated to asbestos exposure. Some of these patients had pulmonary diseases that produce chronic interstitial fibrosis. In these cases, it was impossible to assess the relative contribution of asbestos exposure to the fibrosis, and they were excluded from the study. About equal numbers of patients and controls had confounding diseases. Also, we were not able to control for effects due to selection for necropsy, lung site sampling, or method of lung fixation. These factors, which are largely unavoidable in retrospective necropsy studies, could introduce unknown bias. We were, however, able to control for the possible confounding effect of asbestos contamination at necropsy by taking control samples from the same hospitals. Secondly, smoking and asbestos dust are both known to cause small airways disease0 22-24; and therefore smoking status could have influenced the pathological grade of asbestosis. This effect is likely to be minor. Morphological studies comparing the small airways of asbestos workers who smoked and non-asbestos workers who smoked have shown that the contribution of cigarette smoking to airway fibrosis is small22 24 or absent compared with the effect of asbestos exposure. Nor does it contribute to the radiographic category of pneumoconiosis.2"
Smoking could also influence deposition and retention patterns of asbestos fibres. Churg et al"6 have shown that smoking is associated with decreased retention of exogenous non-fibrous mineral particles in the airways compared with non-smokers but that smoking had no effect on parenchymal particle concentration. In a later study of Quebec chrysotile miners and millers, Churg et aF' found no relation between pack-years of smoking and parenchymal concentration of asbestos in the lung. It is unlikely that the data on fibre burden were influenced by cigarette smoking in this study as all analyses were made on lung parenchyma.
Although smoking histories were not available on each subject in this study, data from a 1964 Public Health Service survey at the asbestos plant showed that 52.4% of the male workers were current smokers, 22 .3% were past smokers, and 25.3% were non-smokers.6
These values were similar to those for the adult male population of the United States at the time of the study.6 It is unlikely, therefore, that there were significant differences in smoking habits between the study population and the control group from the general population.
The exposure data in this study were the same as those used by Dement et The population was exposed almost exclusively to chrysotile asbestos from Quebec.7 The native ore contained about 1% tremolite asbestos.20 28 The high concentrations of chrysotile and tremolite asbestos found in the lungs of the asbestos textile workers are also consistent with their exposure histories. Our finding on enrichment of tremolite relative to chrysotile in the lungs of asbestos workers is consistent with previous reports."9 20 The presence of crocidolite in some of the lungs of the asbestos workers is in keeping with the use of small quantities of crocidolite between 1950 and 1975, but the values were only slightly greater than those found in the control population. Because the exposure values in this study are expressed in units used in setting workplace exposure limits, we were particularly interested in finding the minimal exposure necessary to produce a histological lesion consistent with asbestosis. Mean pulmonary fibrosis scores for the asbestos workers in all exposure categories were higher than the control population (table  5) , indicating a fibrogenic effect of asbestos at moderately low exposures. The model was not sufficiently precise, however, to determine a minimal or threshold level of exposure that would produce asbestosis. The lack of statistical power in our study was largely due to the small number of cases with low and intermediate levels of exposure. Despite this limitation, analysis of our data on a case by case basis showed that asbestosis of grade 2 severity or more was consistently found in workers with lifetime cumulative exposures in excess of 20 fibre-years and in three cases with exposures ranging from 10-20 fibre-years. It is noteworthy that exposures in the range of 6.8-27.4 fibre-years were associated with a standardised mortality ratio (SMR) of 1.56 for nonmalignant respiratory disease in a follow up study of 3022 male and female workers from the plant.'
In this study we found a positive correlation between total number of asbestos fibres in the lung and severity of pulmonary fibrosis. This finding has been shown in several other necropsy studies of people exposed to asbestos.2' 23 27 workers than miners and millers of the chrysotile ore.5 These extraordinary differences in mortality could not be explained by differences in smoking habit between the two cohorts.4
Errors in exposure estimates for the two workplaces could account for the findings. Sebastien et al tested this hypothesis by analysing lung samples by transmission electron microscopy in 32 paired subjects taken from the cohort of miners and millers from Quebec and from the cohort of asbestos textile workers in Charleston, South Carolina.20 The subjects were matched for duration of employment and time from last employment to death and the number and size of fibres, categorised by type of asbestos. In the matched pair analyses, the ratio between mean exposure (mpcf) and mean lung burden of chrysotile for miners and millers as opposed to textile workers were similar at 4.8 and 4.3, respectively. They concluded that the midget impinger measurements adequately reflected exposure to chrysotile in both industries. Furthermore, their data indicated that overall exposure to chrysotile was substantially higher (x4) in the asbestos mining and milling industry than in the asbestos textile mills.
The increased risk of lung cancer in the asbestos textile workers is also unlikely to be due to differences in exposure to tremolite asbestos, as Sebastien et al have shown that the textile workers had less tremolite asbestos in their lungs than miners and millers of the original ore after matching for exposure intensity.' Differences in exposure to other commercial amphiboles (crocidolite and amosite) may have played a small part based on our own data (table 3) and on the data of Sebastien et al,20 which showed a small excess of these amphiboles in the lungs of the textile workers compared with the miners. However, it is very unlikely that this is the whole explanation as commercial amphiboles formed a very small proportion of the total amphiboles in both studies. Moreover, review of the 10 cases with lung cancer in this study on whom lung fibre analyses were made, showed only one case with substantially increased (>1 x 106 fibre/g dry lung) crocidolite or amosite.
The presence of longer fibres in the textile industry could also provide an explanation for the high mortality from lung cancer and asbestosis in this population. Fibre dimensions are known to play a critical part in asbestos carcinogenicity and fibrogenicity.36 3' The work of Stanton and colleagues"7 has shown that relatively long (> 8 gm) and thin (< 1.5 gm) fibres are more carcinogenic than shorter and thicker fibres. Sebastien et afo concluded that differences in fibre dimensions could not explain the higher risk of lung cancer found in the asbestos textile workers. They based this conclusion on the finding that the dimensions of chrysotile and tremolite asbestos fibres extracted from the lungs of asbestos miners and millers and the asbestos textile workers were similar overall. However, they did find a slight excess of very long (>20 gm) chrysotile and tremolite asbestos fibres in the lungs of the textile asbestos workers compared with the miners and millers, a finding that may be important. These data indicate that the asbestos textile workers in this study were exposed to longer thinner fibres than other occupational groups working with chrysotile asbestos. In our study, the dimensions of the chrysotile and tremolite fibres in the lungs of the textile workers were considerably longer and had greater aspect ratios than fibres taken from the lungs of the control population.
Although fibre dimensions and clearance kinetics change with fibre type and residence time in the lung, 35 44 have shown that the risk for lung cancer in populations exposed to asbestos is greatly increased in the presence of asbestosis. Similarly, animal studies have shown a close association between the fibrogenicity of a dust and its carcinogenicity (reviewed45). Davis and Cowie45 explored this relation further by comparing the fibrosis scores of groups of animals with and without lung tumours exposed to mineral fibres under the same exposure conditions. They found that animals with pulmonary tumours had double the fibrosis of animals that did not. Our finding that nine of 10 of the cases of lung cancer also had asbestosis is in keeping with the epidemiological and experimental studies already discussed.
In conclusion, we have shown that the concentration of asbestos fibres in the lung can provide an accurate reflection of workplace exposure conditions several years or many decades before death. Also, we have shown that both cumulative exposure and lung fibre burden are accurate predictors of biological response (asbestosis). Our results, combined with previous reports, indicate that the dimensions of the airborne fibres in asbestos textile operations provide the most plausible explanation for the high mortality from lung cancer and asbestosis in this population.
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